Introduction
RNA silencing in eukaryotes is an established phenomenon that plays a fundamental role in gene regulation, genome stability, and defence against the invading pathogens 1997; Ghoshal and Sanfaçon 2015) . This process of RNA silencing mainly functions as an antiviral mechanism. However, the caveat in the RNA silencing mechanism is that the effector siRNAs function on the principle of sequence complementarity irrespective of the origin of RNA transcripts. Therefore, sequence complementarity between siRNA and any random transcripts would cause silencing of cognate mRNA. Hence it is plausible for the vsiRNAs to have inadvertent silencing effect on the host transcriptome. (Becker and Lange, 2010) . In this context, it will be interesting to learn the transcriptome changes at plant-virus interface to gain insights into viral pathogenesis, to identify host susceptibility factors and ultimately to devise novel disease resistant strategies.
Tospoviruses (Family: Bunyaviridae; Genus:Tospovirus), transmitted by thrips (Thysanoptera, Thripidae), are important pathogens of several field and horticultural crops worldwide. Annual losses due to tospovirus infection are estimated to be more than US$1billion (Pappu et al., 2009 ). Tomato spotted wilt virus (TSWV) is one of the more than 30 known tospoviruses that causes severe economic damage in a wide range of crops including beans, groundnut (peanut), lettuce, pepper, potato, tobacco, and tomato (Pappu et al., 2009, Oliver and Whitfield, 2016) . We recently identified and characterized the small RNA profiles of TSWV from infected tomato and N. benthamiana plants (Mitter et al., 2013) .
The vsiRNAs that were expressed in high frequency in tomato were considered for further in silico investigation followed by experimental validation using qRT-PCR and RACE techniques. Here, we present the transcriptome-wide identification and validation of target genes that are potential, and inadvertent targets for vsiRNAs.
Materials and methods
The data described here has not been obtained directly or indirectly from human or animal subjects. The study has not been conducted on human/animal subjects hence the research was not subject to the Institutional Review Board's review.
Data acquisition
The vsiRNA profile from TSWV-infected tomato plants (Mitter et al., 2013) was used in studying the interaction with the tomato transcriptome. Tomato-specific vsiRNA degradome data was obtained from the small RNA profile data deposited in the NCBI Bioproject  database  (submission  ID:  SRP028288)  and  accessible  at http://trace.ncbi.nlm.nih.gov/Traces/sra/?study=SRP028288). The complete expression profile of vsiRNAs was categorized into 'low' (<50 reads), 'high' (>=50 reads) and 'very high expression' (>=1000 reads) based on the copy or count numbers (relative abundance).
The vsiRNA reads aligned to TSWV genome that are characterized as high copy number and varying from 21-24nt in length were obtained from the parent dataset for the analysis.
Target prediction
In order to define vsiRNA threshold for using in target prediction studies, a plot was created to determine the distribution of abundance of all the detected vsiRNAs (distinct 21-24nt reads) (Fig. 1) . The distribution plot revealed that most vsiRNAs are very rare (25% having only one copy). In order to perform the target prediction analysis, vsiRNAs with 50 or more copies (red line in Fig.1 ftp://ftp.solgenomics.net/tomato_genome/annotation/ITAG2.4_release/) was used as targets for the study. Various parameters of target prediction that we used were a) penalty threshold score-2.5 b) maximal number of permitted gaps-0 and c) positions after which gaps are permitted-1. The sRNA target prediction algorithm, psRobot, identifies target transcripts for query small RNAs based on sequence complementarity using modified Smith-Waterman algorithm (Wu et al., 2012) . The algorithm also provides information regarding multiplicity of small RNA target sites and a score for the predicted target mRNAs. It is pertinent to mention that the lower the psRobot score, greater the chance that the mRNA would be a target for the cognate sRNA.
Target transcripts and KEGG pathway annotation
Pathway mapping of the psRobot resultant transcripts was performed using KEGG Presence of virus infection was also tested by performing RT-PCR using N gene-specific primers (Pappu et al., 2008) . About 2 µg of RNA was reverse transcribed and qRT-PCR performed to ascertain the relative expression levels of some of the predicted target transcripts. The details of the target transcripts, primer sequences (designed using Biosearch
Technologies https://www.biosearchtech.com/) used for qRT-PCR analysis are presented in Table 1 . qRT-PCR was performed using Stratagene Mx3000P QPCR System according to the manufacturer's instructions. The reaction conditions for qRT-PCR were as follows: 5 min at 94° C for denaturation, followed by 42 cycles of 10s at 94° C for denaturation, 20s at 55°C
for annealing and 30s at 72°C for extension. The data on fluorescence was collected at 78°C
further to avoid any non-specific amplification and melting curve was performed from 70 to 95°C (held for 1s per 0.1°C increase) with a final extension at 72°C for 5 min. Fold changes in the expression of host mRNAs were calculated as follows: 
Target mRNA cleavage validation
TSWV-derived siRNA mediated cleavage of target tomato genes and the subsequent accumulation of cleaved mRNA were ascertained by 5' Rapid amplification of cDNA Ends (5' RACE) technique using SMARTer® RACE 5'/3 kit (Clonetech, CA, USA). Total RNA extracted after 17 days post-inoculation (17 dpi), was used in RACE experiments. The gene specific primers (GSPs) used for 5'RACE for some of the target tomato transcripts are presented in the Table 2 .
Results

vsiRNA copy number threshold and siRNA targets
High copy number vsiRNAs derived from TSWV-infected tomato were mapped to their respective gene or ORF loci in the viral genome (Fig. 2) . It was found that vsiRNAs derived from the ORF encoding glycoproteins (GN/GC) were relatively high in number (678 distinct vsiRNAs), followed by vsiRNAs (234) 
Tomato transcriptome targets
Small RNA target prediction analysis was carried out using TSWV-derived siRNAs as query and tomato transcripts as targets in psRobot (Fig. 3) . A total of 11898 putative target sites on tomato transcriptome were identified that had the potential for interaction with the 2450 unique TSWV-derived siRNAs. The potential target transcripts, when categorized, were found to be involved in encoding various types of cellular proteins. Considering the enormity of vsiRNA targets obtained from this analysis, transcripts that attracted at least 25 vsiRNA hits or higher were distributed into functional classes (Fig 4) . The classification was based on the functional categories in psRobot output using the International Tomato Annotation Group (ITAG2.3) annotation. Functional categorization of potential target transcripts revealed that host enzymes are largely targeted by vsiRNAs. Among the host-derived enzymes, receptorlike kinases, cytochrome P450, and Ulp1 protease family are represented as targets (Fig 4) .
Considering the number of genes in the group with potential target sites for the vsiRNAs, the enzymes category was followed by transcription factors (TFs), wherein hormone responsive
TFs were found to be targeted (Fig 4) . Since TFs are master regulators in the gene regulatory pathways, implications of TFs being targets are enormous since it can disrupt the gene regulatory networks of the host. Proteins associated with membranes such as transporters (ABC transporters, importins) or those involved in resistance signalling pathways (TIR nbs resistance protein) were also found to be targets of vsiRNAs. Cellular structural proteins including kinesins and ribosomal proteins were also found to be potential targets among the host transcripts. All these potential targets imply that all aspects of the cellular functioning were potentially targeted by TSWV-derived vsiRNAs (Fig 4) .
KEGG pathway analysis
Considering the large number of target regions in the tomato cDNA dataset, there exists remarkable multiplicity in target sites for the vsiRNAs as each of them potentially could target many transcripts. However, the Kyoto Encyclopaedia of Genes and Genomes (KEGG) (http://www.genome.jp/kegg/) is a valuable genomic resource that aids in deciphering the cellular functions using the data generated from high-throughput experimental strategies. All the putative tomato target transcripts which are based on ITAG The signalling system under environmental information processing showed 122
vsiRNA targets on the plant hormone signal transduction pathway followed by phosphatidyl inositol signalling pathway with 33 target transcripts. Besides the cellular processes, whole organismal systems involved in plant-pathogen interactions and circadian rhythm were also found to be potential targets for TSWV-derived siRNA mediated gene silencing as they showed 73 and 27 vsiRNA hits, respectively.
KEGG pathway enrichment
The KEGG pathway enrichment analysis was performed to identify any pathways or genes that were over-represented than expected in the vsiRNA-transcriptome interaction. The list of pathways that were found to be enriched statistically (p-value <0.05) are presented in Table 3 . Multiple hypothesis correction using Benjamini-Hochberg procedure was carried out in order to avoid the false discovery rate. After correction analysis, we obtained statistically However, when the KEGG pathway enrichment studies were carried out only with high copy number vsiRNA (>1000) target transcripts, it revealed that the terms involved in basic metabolism such as steroid biosynthesis, citrate cycle (TCA cycle), and nitrogen metabolism were found to be enriched. The enriched terms also involved intracellular transport and catabolic processing in peroxisome. Thus, overall, it is interesting to observe that tomato transcripts that are involved in metabolic pathways are the potential targets for vsiRNAsbased cross silencing. were down regulated as their fold change in expression varied from one fold (chromatin remodelling complex protein) to 20 fold (high affinity glucose transporter) (Fig. 7) .
Expression levels of selected targets transcripts
However, the expression levels of transcripts from cv. Red Defender revealed differential regulation as three among the studied transcripts showed up regulation (transcript encoding Cc-nbs-lrr, resistance protein, AP2-like ethylene-responsive transcription factor, and heat stress transcription factor A3).
Multiple TSWV-derived siRNAs were found to be targeting a tomato mRNA (Solyc12g017800). Although, this transcript was found to be downregulated in cv. Marglobe, the transcript from cv. Red Defender showed upregulation. Similarly, two more transcripts encoding ER-TF(Solyc11g008560.1.1) and HS-TF (Solyc02g072000.2.1) were also found to be upregulated in cv. Red Defender. Considering the location of vsiRNA target sites in these mRNA, all the three upregulated transcripts in Red Defender, were found to have vsiRNA target regions at the 5'end of tomato genes. Eventhough host mRNA targets were selected based on psRobot scores (lower the score better the chance for downregulation), the level of repression of host transcripts did not correlate with the scores (Table 1 and Fig.7 ).
RACE validation of predicted targets
In this study we used 5' RACE technique to map the cleavage sites of the predicted target genes in tomato. All the target tomato genes were confirmed as real targets of TSWV derived vsiRNAs in the cv. Marglobe. In Marglobe, RACE analysis yielded amplicons of expected size for all ten tomato genes under study. However, among the target transcripts analyzed in cv. Red Defender, mRNAs corresponding to genes Solyc12g017800.1.1 (cc-nbs-lrr), Solyc11g008560.1.1 (ER-TF), Solyc02g072000.2.1 (HS-TF) did not show fragments of expected size in RACE PCR (Fig. 8) . Sequence alignment of TSWV-derived siRNAs and target tomato mRNAs followed by RACE validation showed that in seven out of 10 tomato mRNAs studied, the sites of vsiRNA-guided cleavage in target mRNAs were found in the expected position i.e., between the tomato mRNA nucleotides pairing to vsiRNA residues 10 and 11 ( Fig. 8) . In tomato cv. Marglobe, the locations of vsiRNA-guided cleavage of three mRNAs (cc-nbs-lrr, HAGT, and ER-TF)
were not on the expected locus, whereas in cv. Red Defender, mRNAs cc-nbs-lrr and ER-TF showed no cleavage at all (Fig. 8 ).
Discussion
Viruses, as obligate parasites, are dependent on the host plant's metabolism to successfully establish pathogenesis. In the process of viral infection, various host gene regulatory networks and ultimately the metabolic pathways are entirely perturbed (Hull, 2013 ). Here we examined the effect of highly frequent vsiRNAs derived from TSWV on tomato transcriptome. We analyzed population of high copy number 21-24nt vsiRNAs for its Red Defender, expression levels of nbs-lrr mRNA could be a major factor that determines the ability of tomato to resist TSWV infection. Functional genomics approach such as VIGS could be useful for investigating the biological significance of nbs-lrr class genes and to substantiate their role in TSWV resistance.
We propose that resistance or susceptibility of tomato to TSWV infection hinges on the cultivar's ability to overcome vsiRNA-mediated silencing of NBS-LRR gene. Besides, RNA silencing and R-gene mediated resistance mechanism that functions on the principle of hypersensitive reaction, it is possible that the activation of stress responsive gene signalling pathways would also play a major role in conferring TSWV resistance in tomato. Thus it appears that resistance to TSWV in tomato works at multiple levels of gene regulatory pathways. Further, we speculate that an effective molecular cross-talk among the biotic and abiotic stress signalling components and TFs shifts the 'balance of power' in favor of the resistant host.
Conclusion
TSWV-derived vsiRNAs were found to target a wide range of host genes involved in various metabolic pathways. The predicted and validated interactome scenario presented here is the first report on the interaction between a tospovirus genome-derived siRNAs and tomato transcripts. The broad spectrum of host targets for vsiRNAs signifies the importance of vsiRNAs not only as pathogenicity determinants but also as major determinants of virushost interactions. It highlights the significance of the role of vsiRNAs in viral replication, pathogenicity and in perturbing host machinery. It remains to be seen if the cross reaction potential of vsiRNAs with host transcripts is merely an act of fortuitous pairing and down regulation of cognate transcripts, or is a systematic counter-offensive strategy deployed by virus to shift the virus-host 'tug of war' toward the pathogen's favour. Furthermore, it is tempting to speculate that the differential behaviour of tomato cultivars to TSWV infection could be due to its ability to overcome vsiRNA-based off-target gene silencing of host transcripts especially NBS-LRR class R-genes. 
